[1] Two fore-arc magmatic belts exist in Kodiak Island, the granitic Kodiak batholith and the basaltic trenchward belt. Both are part of the 2100 km long Sanak-Baranof belt, interpreted to result from trench-ridge-trench (T-R-T) triple-junction migration. In this hypothesis, trenchward belt basaltic rocks formed as the spreading ridge first entered the accretionary prism, and the larger Kodiak batholith resulted from a slab window at depth. However, radiometric dates between the two belts differ in age by up to 1-3 Ma. Kodiak batholith U/Pb zircon ages range from 59.2 to 58.4 ± 0.2 Ma (SW-NE), whereas trenchward belt ages range from 62.6 ± 0.6 (K-Ar) to 60.15 ± 0.86 (Ar/Ar whole rock) SW-NE. This suggests that both fore-arc magmatic belts did not form from a single triplejunction passage, because at 60-62 Ma the triple junction was several hundred kilometers west of Kodiak Island. Multiple explanations exist for the age disparity between the two belts, including oblique ridge subduction, Contact fault tectonic juxtaposition, slab window thermal lag, multiple triple-junction passages, or off-axis ridge magmatism. Geochemical data such as rare earth metal (REE) curves and Zr/Nb of >30 indicate the trenchward belt rocks have a mid-ocean ridge basalt (MORB)-like character. Major and trace element modeling indicate that trenchward belt rocks resulted from assimilationfractional-crystallization of MORB with Ghost Rocks Formation argillite, whereas the Kodiak batholith formed via partial melting and en masse mobilization of Kodiak Formation metasedimentary rocks with a small basaltic component and subsequent equilibrium-crystallization and restite separation. The petrologic origin of both belts is compatible with spreading ridge subduction. Fault zone structural data suggest the Kodiak batholith/trenchward belt age differential resulted from oblique ridge subduction and Contact fault displacement.
Introduction
[2] The majority of convergent margins have been modified by triple-junction passage at some points in their geologic history [Delong and Fox, 1977; Sisson et al., 2003a] . Convergent margins are among the prime locations for the continuing evolution of continental crust, and modification is traditionally inferred to occur along the axis of the magmatic arc [Gill, 1981; Kelemen et al., 2003] ; however, significant crustal evolution can also occur in the back arc [Hyndman et al., 2005] and in the fore arc [Barker et al., 1992] . The Kodiak Island region provides a natural laboratory to study crustal evolution within the fore-arc and near-trench environment.
[3] The Paleocene magmatic rocks on Kodiak Island are part of a 2100 km long belt of near-trench intrusions known as the Sanak-Baranof belt [Hudson et al., 1979; Hill et al., 1981; Moore et al., 1983; Bradley et al., 2003; Farris et al., 2006; Ayuso et al., 2009; Farris and Paterson, 2009] . Plutonic rocks within the Sanak-Baranof belt are time transgressive along strike and vary from 61 to 62 Ma on Sanak Island in the west to 50 Ma on Baranof Island in the east (Figure 1 ) [Bradley et al., 1993 [Bradley et al., , 1998 . The forearc location, the along-strike geochonologic migration, and the composition of the Sanak-Baranof intrusions have been used to infer that the plutonic rocks formed as the result of spreading ridge subduction [Marshak and Karig, 1977; Hudson et al., 1979; Bradley et al., 2003, and references therein] . Throughout the belt, the initiation of magmatic activity migrated along strike at a rate of 19 cm/yr [Farris and Paterson, 2009; Bradley et al., 2003] , and such a high migration rate has been explained by oblique spreading ridge subduction Farris and Paterson, 2009] . One exception to the above geochronologic trend is the trenchward belt intrusive rocks on Kodiak Island (Figure 2 ). These rocks are the only substantial group of the Sanak-Baranof magmatism to plot above the alongstrike initiation curve. One of the main goals of this paper is to determine an explanation for this variation and to fit the Kodiak intrusive rocks into a tectonic and petrologic framework that is cohesive with the rest of the SanakBaranof belt.
Overview of Kodiak Island Geology
[4] Kodiak Island is primarily composed of a large accretionary complex, which has units spanning ≈200 Ma (Figure 1) . However, over that broad time interval accretion was episodic and not continuous. By far, the largest fraction of the accretionary complex is the Late Cretaceous Kodiak Formation and the Paleocene Ghost Rocks Formation. Both units are composed of graywacke and argillite turbidites; however, the Kodiak Formation is much more coherent with kilometer-scale packages of stratigraphically intact metasedimentary rocks separated by thrust faults and strike parallel shear zones [Nilsen and Moore, 1979; Sample and Moore, 1987] . The Ghost Rocks Formation contains a higher percentage of graywacke, has experienced more tectonism, and along its southern edge grades into a melange. Both units were underplated to depths of ≈10 km within the accretionary prism, and Fisher and Byrne [1987] interpreted the southern part of the Ghost Rocks Formation as a subduction zone megathrust. Accretion of the Ghost Rocks Formation was active during emplacement of at least some of the trenchward belt magmas [Fisher and Byrne, 1987; Farris, 2006] .
[5] The various units within the Kodiak accretionary complex are fault bounded. However, in general the faults have poorly constrained kinematic histories. The three major fault systems are the Border Ranges fault, the Uganik thrust, and the Contact fault (Figure 1 ). The Border Ranges fault, located along the northwest margin of the Kodiak Islands, separates Triassic and Jurassic arc rocks to the north from accretionary rocks to the south [Roeske, 1986] . The Uganik thrust separates basalt and chert-dominated oceanic melange of the Uyak Complex [Connelly, 1978] from the continentally derived turbidites of the Kodiak Formation [Sample and Moore, 1987; Sample and Reid, 2003] . The Contact fault separates the Kodiak Formation from the Ghost Rocks Formation and also separates the two belts of Paleocene intrusive rocks on Kodiak Island. The Kodiak batholith intruded into the Kodiak Formation, whereas the trenchward belt rocks intruded into the Ghost Rocks Formation . Therefore, constraining motion along the Contact fault is crucial to understanding the evolution of this system.
[6] In this paper we present new geochemical, geochronologic, and structural data from the Kodiak batholith, the trenchward belt, and the Contact fault. Modeling of these data is, in general, compatible with previous workers [e.g., Moore et al., 1983; Ayuso et al., 2009 ], but differences exist in relative amounts of assimilated metasedimentary rocks, restitic minerals, and mantle sources. Also, a time gap of up to 1-3 Ma exists between the two belts, and it is suggested that the age difference is too great for previous models to explain, particularly given the Sanak-Baranof belt migration rate of 19 cm/yr. In the following sections the petrologic, geochronologic, and structural evolution of the Kodiak batholith, trenchward belt, and Contact fault are integrated to produce a comprehensive tectonic model and, in general, to help better understand fore-arc magmatic systems.
Data/Results

Description of Kodiak Batholith Rocks
[7] The Kodiak batholith has an area of >700 km 2 and is composed of tonalite, granodiorite, and granite that intruded the Kodiak Formation . Structurally, the batholith consists of a central elongate body and a number of smaller but compositionally similar satellite plutons ( Figure 3 ). Emplacement pressures are estimated at 2-3 kbar (5-10 km) and are based on aureole metamorphism and Kodiak Formation fluid inclusion data [Vrolijk et al., 1988] . However, xenoliths within the batholith and gravity data indicate pressures of magma generation are closer to 5-6 kbar . Compositionally, the batholith contains no igneous rocks more mafic than approximately 60% SiO 2 . Finally, U/Pb zircon ages along the axis of the batholith range from 59.2 to 58.4 ± 0.2 Ma .
[8] The Kodiak batholith is a granitic system [Farris et al., 2006] , in which most of its compositional variation stems from varying amounts of included and assimilated host rock coupled with fractional crystallization [Hill et al., 1981] . Farris et al. [2006] , Farris and Paterson [2007] , and Farris and Haeussler [2010] have divided the batholith into three units based on the volume of metasedimentary host rock xenoliths present at a given location. All three units have the same basic plagioclase, potassium feldspar, biotite, illmenite, and quartz mineralogy, although the proportions vary from tonalite to granite. The low-inclusion unit is relatively homogeneous and contains little included host rock. It contains euhedral zoned plagioclase crystals, reddish brown euhedral biotite lathes, and late interstitial quartz pools with undulose extinction. Biotite grains often contain zircon inclusions with pleochroic halos. Illmenite and other nonmagnetic oxides formed early but have been partially replaced by biotite. Muscovite occurs in more felsic parts (e.g., aplites and near pluton margins) of the low-inclusion unit. The medium-and high-inclusion units exhibit a continuum of included host rock material composed of sillimanite, kyanite, and andalusite xenocrysts, biotite clots that sometimes contain garnet and/or sillimanite, blobs of pure quartz, and xenoliths with alternating biotite and quartz-rich gneissic banding. Xenocrystic sillimanite and kyanite are frequently armored with reaction rims. Biotite within biotite clots often form elongate fish and stringers suggestive of high-temperature plastic deformation. In general, highinclusion zone quartz has a greater degree of subgrain formation than those in the low-inclusion zone. Low-inclusion Figure 2 . Geochronologic data from the Sanak-Baranof belt. The onset of fore-arc magmatism at a particular point along strike is predicted by a linear regression through concordant U/Pb zircon ages (19 cm/yr). The trenchward belt on Kodiak Island is the only major group of fore-arc intrusions that lie significantly above this trend. units are found in small satellite plutons, the northern tip of the batholith, and along its margins, whereas medium-and high-inclusion units are found in the interior of the batholith .
Description of Trenchward Belt Magmatic Rocks
[9] The trenchward belt lies along and to the south of the Contact fault within the Ghost Rocks Formation [Farris et al., 2006] . It is a lower volume system (<50-100 km 2 ) than the Kodiak batholith and consists of small granitic and gabbroic plutons, porphyritic mafic dikes, and pillow basalt and andesite. Trenchward belt intrusions are slightly older than the main Kodiak batholith and range from 63 to 60 Ma [Moore et al., 1983; Farris et al., 2005 Farris et al., , 2006 Farris and Haeussler, 2010] . This paper will primarily focus on trenchward belt rocks from the Pasagshak Bay region (Figure 4) because it is the best studied and magmatically most voluminous section of the belt.
[10] Pasagshak Bay contains four different types of magmatic bodies. On the southeast side of Pasagshak Point are several outcrops of pillow basalt and basaltic dikes ( Figure 5 ). These dikes and pillows have fine-grained, almost glassy textures. Hyaloclastites are present on the surface of some pillow structures. Under thin section, euhedral to subhedral clinopyroxene phenocrysts set in a matrix of fine-grained plagioclase microlites are common. Some of the dikes grade upward into pillows, indicating that the dikes and pillows were coeval. On the northwest side of Pasagshak Bay is a complex of large, >10 m wide, strongly porphyritic mafic dikes. The dikes range from gabbroic near their bottoms and on the northwest side of the complex to basaltic and andesitic on the southeastern most edge of the complex. The basal gabbroic rocks exhibit a texture of large 5-10 mm euhedral plagioclase crystals with interstitial anhedral clinopyroxene. The larger plagioclase crystals appear to be cumulates, whereas the clinopyroxene crystallized from the remaining trapped melt. The porphyritic dike complex and the pillow basalt appear to be part of the same event.
[11] Inland to the northeast are two granitic intrusions. The larger of the two is the curved and elongate Pasagshak pluton. It is the pyroxene-bearing granodiorite that contains several large gabbro pods in its interior. Near the margin of the gabbro pods, granitic and gabbroic rocks are mingled and hybridized with one another. Host rock xenoliths are essentially absent in the Pasagshak pluton. This contrasts with the smaller, more leucocratic Shaft Peak pluton, which lacks gabbroic pods but contains high volumes of Ghost Rocks Formation xenoliths ( Figure 5 ) [e.g., Farris and Paterson, 2007] .
[12] The observation that certain dikes grade upward into pillow basalts strongly suggests a shallow, near-surface depth of emplacement for Pasagshak Bay intrusive rocks. In addition, many of the dikes are bedding parallel, and pillow basalt piles often have conformable Ghost Rocks Formation sedimentary rocks above them. These observations suggest that trenchward belt magmatism occurred during, but likely toward the end, of Ghost Rocks Formation deposition.
Contact Fault Zone Description
[13] The Contact fault separates the Late Cretaceous Kodiak Formation from the Late Cretaceceous to Paleocene Ghost Rocks Formation. It is one of the three major strike parallel fault zones that cut Kodiak Island and most of southern Alaska. The other two fault systems (the Uganik thrust and the Border Ranges fault) are located on the northwestern side of Kodiak and Raspberry islands (Figure 1) . Displacement along the Contact fault has previously not been well constrained. However, in southcentral Alaska, large changes in crustal velocity occur across the fault [Bol and Roeske, 1993; Fuis et al., 2008] . On both the northeast and southwest sides of Kodiak Island, the Contact fault breaks up into multiple strands, and its location is less well defined than in the central part of the island. The best known exposure of the fault occurs near Eagle Harbor in Ugak Bay ( Figure 6 ). We have examined the Contact fault at that location and also further to the southwest on Sitkalidak Island (Figure 7) .
[14] At Eagle Harbor, the Contact fault is spectacularly exposed along wave cut cliffs; however, the future exposure of this outcrop is uncertain as a large landslide occurred in the fault zone between 2001 and 2003. The main fault trace occurs in the Eagle Harbor pluton ≈50 m north of its contact with the Ghost Rocks Formation. The center of the fault is composed of a 1-2 cm wide, razor-sharp, black microgouge oriented 221°/50°(parallel to the regional structural orientation, Figure 6b ). In the hanging wall, adjacent to the fault, is a 1-2 m wide zone of crushed, fine-grained, slightly greenish granitic gouge. Continuing north is approximately 10 m of highly fractured, hand-crushable granite. Beyond that, the granite is fractured but more competent, and frac- ture density decreases with increasing distance from the fault. Within several hundred meters, unfractured granite is encountered (Figure 6c ).
[15] On the footwall side of the fault (south), immediately below the black microgouge, is a 3-5 m wide greenish white zone of granitic gouge. This zone is composed of 10-30 cm bands of darker gouge with phacoids of lighter-colored material. Some of the bands are sharply truncated by the black microgouge. Southward toward the pluton margin, the granite becomes more coherent. However, at the pluton margin exists another series of faults that straddle the pluton boundary. Ghost Rocks Formation rocks adjacent to the pluton are crushed and cut by a lattice of white veins. Fault structures in the Ghost Rocks Formation are less well defined, but faults and fractures persist southward for at least 50-100 m.
[16] On Sitkalidak Island, the main trace of the fault runs through heavily sedimented bays and valleys and is not well exposed. However, associated structures and faults are exposed in rocks north of the fault (Figure 7 ). The dominant Contact fault structure at this location is an exhumed sliver of coarse-grained mafic rocks and metamorphosed Kodiak Formation ( Figure 7 ). These rocks and the granitic body immediately to the north are highly fractured.
[17] Ancillary faults and fractures generally cluster around the orientation of the Eagle Harbor microgouge zone but tend to have a more westerly strike (Figure 8 ). Fault striations are not plentiful but appear to record a complex history with motion potentially in multiple directions. Stepping directions on slickensides generally indicate north-side-up motion. Fault lineations are somewhat oblique but indicate thrust motion combined with right-lateral and/or left-lateral motion. Northeast dipping striations occur in both Eagle Harbor and Sitkalidak Island. The average Contact fault striation is oriented at 57°/49°(trend and plunge, Figure 8 ). This is the best estimate of Contact fault motion in the Kodiak Island region and indicates components of thrust and left-lateral oblique motion.
Geochemical Data 2.4.1. Methods
[18] New geochemical data presented in this paper were analyzed by ALS-Chemex (Table 1) . Major element data were produced by XRF and trace element data were by inductively coupled plasma-mass spectrometry, both of which used lithium metaborate fusion. Additional geochemical data are from Hill et al. [1981] and CaO. Most element concentrations evolve with changing SiO 2 and exhibit continuous trends as is common in many magmatic systems. However, certain elements also exhibit inflection points. For example, at 60% SiO 2 , MgO drops from ≈5% to 3% before resuming a gentle downward trend. This is a distinctive feature replicated in the MELTS modeling ( Figure 17A ). Kodiak batholith rocks are strongly peraluminous with A/CNK values of up to 2.25 and partially overlap with the Kodiak Formation (Figure 10 ). The high A/CNK values from the Kodiak batholith have 2%-3% less SiO 2 than do the equivalent Kodiak Formation rocks. However, most Kodiak batholith A/CNK values plots between 1.0 and 1.25 and are slightly less than those from the Kodiak Formation. Overall, Kodiak batholith rocks exhibit major element similarities to Kodiak Formation metasedimentary rocks, but there are some significant differences.
[20] Rocks from the trenchward belt at Pasagshak Bay range from low to high K, plot mostly in the high and medium Fe fields, are metaluminous and calcic with an alkali-lime index of approximately 63 (Figure 9 ). Lower silica rocks are tholeiitic, whereas granitoid samples fall in the calc-alkaline field according to FeO*/MgO ratios. These data also exhibit a discontinuity with respect to SiO 2 with a gap from 52% to 60%; however, one sample has 55% SiO 2 , and several Ayuso et al. [2009] Moore et al., 1983] . Also, the Kodiak Formation has trace element patterns that are very similar to average continental arc values. On rare earth element plots, Kodiak batholith data exhibit a tight grouping and a signal nearly identical to the Kodiak Formation ( Figure 11a ). The data have enriched light rare earth element (LREE) concentrations of 5-10 × MORB, are depleted in heavy REE (HREE) with values of 0.4-1.0 × MORB, and exhibit only a small negative Eu anomaly. The largest variations between the Kodiak batholith and Kodiak Formation are a slightly larger Eu anomaly and more depleted HREE values in the batholith data.
[22] On a spider diagram, Kodiak batholith rocks exhibit a pattern similar to the REE's with a trend almost identical to the Kodiak Formation and average continental arcs (Figure 12a ). One exception is that the Kodiak batholith has greater positive Pb and negative Ti anomalies.
[23] If trace element ratios are examined, ratios of compatible elements (in the Kodiak batholith, Table 2 ) such as La/Sm and Zr/Nb yield tight clusters that are similar to the Kodiak Formation (Figure 13a ). However, ratios of compatible to incompatible elements, such as Sr/Y, yield defined trends. A plot of Sr/Y versus Sr yields a linear trend, which partially overlaps with the Kodiak Formation data, whereas Sr/Y versus Y yields a curving trend that has as its end members argillite (low Sr)-and graywacke (high Sr)-dominated samples from the Kodiak Formation. As with the major elements, trace element data from the Kodiak batholith share many common characteristics with the Kodiak Formation, but any model needs to explain the above differences.
Pasagshak Trace Element Data
[24] The trenchward belt rocks at Pasagshak Bay have trace element characteristics significantly different from the Kodiak batholith. Pasagshak REE data vary from nearly identical to MORB to strongly LREE and HREE enriched with large negative Eu anomalies ( Figure 11B ). The most MORB-like sample is the basaltic dike 03-KD-134A, which has REE/MORB values slightly greater than 1. Also notable is sample 03-KD-40A, which is a gabbroic cumulate from the base of a 10-20 m wide dike, has the most depleted REE signature, and is the only sample with a positive Eu anomaly. Other samples fall into two main groups: basaltic and gabbroic rocks with MORB-like HREEs, a slightly negative Eu anomaly, and moderately enriched LREE (2-4× MORB) and the granitic rocks with an LREE (8-10×) Figure 8 . Stereonet of Contact fault structural data. Gray planes are slip surfaces from Eagle Harbor, and black planes are slip surfaces from Sitkalidak Island. Overlapping fault striations from the two locations have been contoured using the Kamb method, and the star is the Fischer vector of that data with a trend and plunge of 56.8°and 49.3°. The circle surrounding the star is the 95% confidence interval and has a radius of 22.5°. The star represents the best estimate of dominant slip along the Contact fault. Figure 9 FARRIS: KODIAK BATHOLITH TECTONIC EVOLUTION B07208 B07208 enrichment, large negative Eu anomalies, and moderately enriched HREEs (2-3× MORB). The sample with the greatest Eu anomaly and HREE enrichment is an aplitic rock with 78% SiO 2 (03-KD-130C). The LREE values for the granitic rocks overlap with the Kodiak Formation, but the rest of the pattern does not.
[25] On a spider diagram, Pasagshak data exhibit a greater degree of similarity to the Kodiak Formation (Figure 12b) . None of the samples, including 03-KD-134A, are MORBlike in terms of the large-ion lithophile elements (LILEs). The rocks are all enriched in Cs-K by at least 10× MORB, and all of the samples have a negative Nb and a positive Pb anomaly. However, 03-KD-134A does have MORB-like values from La-Tm, with the exception of somewhat elevated Sr. Overall, the Pasagshak data exhibit a continuum of increasing concentration from the least enriched mafic samples to the granitic rocks, which have Kodiak Formation-like trace element signatures.
[26] Both incompatible and compatible trace element ratios yield trends for the Pasagshak data ( Figure 13 ). La/Sm and Zr/Nb ratios (incompatible in the Pasagshak rocks, (Figure 14 ) [Tangalos et al., 2003] . Oxygen isotope data from the Kodiak Formation and trenchward belt do not exist, but Kodiak batholith values can be compared to the Shumagin Formation and the Sanak and Shumagin batholiths, which are along-strike equivalents of the Kodiak Formation and Kodiak batholith [Hill et al., 1981] . The Hill et al. [1981] oxygen isotope data are whole rock, whereas the Tangalos 
Geochronologic Data
[28] Geochronologic data from the Kodiak batholith and trenchward belt indicate that they are young along strike from southwest to northeast (Figure 15) . Farris et al. [2006] report six U/Pb zircon ages along the axis of the Kodiak batholith that range in age from 59.2 ± 0.2 at the southwestern end of the batholith to 58.4 ± 0.2 Ma at its northeastern tip. These data are within error of the average 19 cm/yr migration rate for the entire 2100 km long Sanak-Baranof belt. Also, near the northern tip of the Kodiak batholith, Bradley et al. [1998] have reported an Ar/Ar biotite age of 58.3 ± 0.2 Ma (Figure 1) .
[29] Trenchward belt radiometric ages are up to 1-3 Ma older than those from the Kodiak batholith (Figure 15 ). At the southwest end of the trenchward belt, ages range from 62 to 63 Ma, with 63 ± 3 Ma Rb-Sr and 62.1 ± 0.6 Ma and 62.6 ± 0.6 Ma K-Ar biotite dates [Moore et al., 1983] . The above ages are from plutonic rocks and therefore are cooling ages. This would enhance any age differences between the southern Kodiak batholith and trenchward belt; however, the Moore et al. [1983] dates are likely near the crystallization age due to the shallow emplacement depth of trenchward belt intrusions. Also, Rb-Sr and K-Ar dates are more susceptible to alternation and loss of decay products than the Kodiak batholith U/Pb ages; however, the fact that both Rb-Sr and K-Ar ages are essentially the same and are from independent isotopic systems suggests they can be reliably interpreted. In the central part of the belt, the only age control is from an imprecise U/Pb monazite date of 62 ± 9 Ma from Sitkalidak Island . On the northeast side of the belt, a new Ar/Ar whole rock age of 60.15 ± 0.86 Ma [Farris et al., 2005] is reported from Pasagshak Point (Figure 4) . The Ar/Ar analysis was done at the University of British Columbia by Thomas Ullrich [Farris et al., 2005] . This age is from a basaltic dike that crosscuts Ghost Rocks Formation bedding and is interpreted as the age of dike emplacement. The date is based on five stepheating plateau segments containing 51.4% of the 39 Ar and has an mean square weighted deviation of 0.80 (Figure 16a ). Baksi [2003] states that geologically interpretable Ar/Ar ages should be based on at least three consecutive stepheating plateau segments, contain at least 50% of the 39 Ar, and have initial 40 Ar/ 36 Ar near atmospheric values of 295.5 (284 ± 33 for Pasagshak Point). The Pasagshak Point age meets these standards but not by a huge amount. Also, interpreting the five step-heating segments in an inverse isochron diagram yields a slightly older age with greater uncertainty of 61.5 ± 4.4 Ma (Figure 16b) . However, the stepheating plateau age is preferred due to its lower uncertainty. Overall, trenchward belt radiometric dates have ages that are several million years older than the Kodiak batholith at a given point along strike.
Discussion
[30] This paper has two main goals. The first is to determine a petrologic model for the Kodiak batholith and trenchward belt that describes major, trace, and isotopic data. The second goal of the paper is to combine petrologic, geochronologic, and other relevant geologic data sets to determine a comprehensive tectonic model for the Kodiak Paleocene intrusions.
Geochemical Modeling of the Kodiak Batholith and the Trenchward Belt
[31] The basic interpretation of major, trace, and oxygen isotope geochemical models is that the Kodiak batholith is derived almost entirely (>80%) from moderate to high pressure (5-6 kbar) partial melting of metasedimentary greywacke and argillite (Kodiak Formation), with the remaining component being a mantle-derived basalt such as MORB. Minor evolution of the Kodiak batholith magmas subsequently occurred via equilibrium crystallization and restite removal. In comparison, trenchward belt rocks are derived from low-pressure assimilation fractional crystallization of MORB-like basalt and a Ghost Rocks Formation sedimentary assimilant. The details of these models are discussed below.
MELTS Major Element Modeling
[32] The MELTS program of Ghiorso and Sack [1995] and Asimow and Ghiorso [1998] has been used to better interpret the major element chemistry of the Kodiak Island fore-arc magmatic rocks (Figure 17 ). These models, in conjunction with the trace element models, are used as tools to help identify important petrologic processes but do not necessarily reflect the exact petrologic evolution of the Kodiak batholith and trenchward belt rocks.
[33] A variety of different starting compositions, assimilants, and pressure histories was run through the MELTS program; however, three models were able to reproduce observed trends in the Kodiak rocks particularly well. All three models use the 03-KD-134a basalt from Pasagshak Bay as a starting composition. This was used because it has the most MORB-like REE signature in our sample suite, and previous workers have theorized that this is appropriate [Moore et al., 1983] . Models of trenchward belt processes were run at low pressures (0.5 kbar), whereas models of the Kodiak batholith were run at high pressures (6 kbar). All models were run with a Ni-NiO buffer and from 1300°C to 650°C in 10°C intervals. Pure fractional crystallization models can produce liquids with compositions similar to some of the basaltic rocks at Pasagshak Bay but are incapable of generating anything similar to granitic rocks in the Pasagshak or Shaft Peak plutons. However, if a metasedimentary assimilant is added, then appropriate compositions can be produced. The assimilant added is a graywacke with a composition of 40% feldspar, 32% quartz, 27% biotite, and 1% illmenite. This composition was chosen for similarity with Ghost Rocks Formation graywackes and because it yielded results that fit the chemical data. Both the lowpressure fractional crystallization and assimilation fractional crystallization (AFC) models produce plagioclase-and clinopyroxene-dominated mineralogy similar to that observed at Pasagshak Bay; however, only the AFC model produces any quartz-bearing compositions such as observed in trenchward belt granitoids.
[34] To model the Kodiak batholith, the same starting composition is used, but the amount of assimilation is significantly increased and an aluminous component (4% corundum) is added to the assimilant to account for (Figures 13  and 18 ). Distribution coefficients used in these models are from Rollinson [1993] and Geochemical Earth Reference Model Web site. Mineral phases are based on thin section analysis of rocks from each respective suite. In the Kodiak batholith models, the minerals used include quartz, biotite, plagioclase, potassium feldspar, ilmenite, garnet, and trace apatite and zircon.
[36] In a viable trace element model, the choice of initial melt composition, crystallizing phases, and bulk distribution coefficients are the dominant controls on model output (Table 2) , and because the input values have so much control on the output, these trace element models, like MELTS major element model above, should be thought of more as a guide than as an exact analog of the Kodiak batholith and trenchward belt systems. The starting compositions used were various proportions of MORB, Kodiak Formation argillite and graywacke, and were chosen because previous workers suggested they were the main components of the Kodiak batholith [Hill et al., 1981; Moore et al., 1983] . A mixture of argillite and graywacke best fit potential initial Kodiak batholith composition; however, the data allow up to a 10%-20% component of MORB. Results from the MELTS models also support this idea with runs composed of 90% metasedimetary assimilant , and assimilation fractional (AFC, trenchward belt only) crystallization models are shown for the Kodiak batholith and the trenchward belt. For the Kodiak batholith, modeled starting compositions are from Kodiak Formation graywacke and argillite, although up to 10%-20% MORB also yields results that match Kodiak batholith compositions. While both models reproduce Kodiak batholith compositions, the equilibrium model does so at more realistic melt fractions. Also note that, in terms of Sr, Kodiak batholith compositions range between that of argillite and graywacke, suggesting that some of its compositional variability may be due to compositional variability in its source rocks. For the trenchward belt (03-KD134a), the most MORB-like Pasgshak Bay basalt is used as a starting composition. For the trenchward belt rocks, the Sr/Y models do not strongly distinguish between the models, but the La/Sm versus Zr/Nb data (Figure 13a ) strongly supports the AFC model. generally reproducing Kodiak batholith major element data ( Figure 17 ). It is recognized that any metasedimentary protolith would have undergone partial melting; however, field relations, particularly in the high-inclusion zones, suggest that melt and restite did not undergo significant spatial separation but remained close during ascent and emplacement. However, in low-inclusion zones, restite separation must have been more complete.
[37] The two models that best fit the Kodiak batholith data are fractional crystallization and equilibrium crystallization (Figures 18a and 18b) , which can be expressed as
Equilibrium crystallization : 18 O models do not effectively discriminate between FC or EC due to the large range of starting conditions. For the Sanak and Shumagin batholiths, the R s / R l < 1, which is the standard case [White, 2001] . The starting composition used in the Sanak-Shumagin model corresponds to the highest MgO wt% samples [Hill et al., 1981] . The Sanak-Shumagin AFC model shown better reproduces moderate curvature in the data, whereas EC and FC models (not shown) yield straight curves only. The fit of AFC models is one among several geochemical similarities between the Sanak/Shumagin batholiths and the trenchward belt on Kodiak Island. wherein C L is the liquid concentration, C o is the initial concentration, F is the melt fraction, and D is bulk distribution coefficient [Rollinson, 1998 ]. Models such as batching melting and fractional melting do not describe the data. However, modeled fractionation occurs to a melt body that has already undergone large amounts of metasedimentary assimilation. Fractional crystallization models only work if very high melt fractions are assumed (F = 1.0-0.5). Low melt fractions become too depleted, especially with respect to HREE. Equilibrium crystallization models fit a much larger range of melt fractions and better fit the tightly grouped nature of the Kodiak batholith REE data. Also, high Kodak batholith viscosity would preclude sinking of small individual minerals during upward motion of the magma . Therefore, it is suggested that the equilibrium crystallization model better fits the data and is more physically realistic.
[38] Trace element models also place constraints on source material and fractionated or residual phases. In order for the above models to replicate observed Kodiak batholith HREE values, garnet is a necessary phase, otherwise modeled HREE values are too high. Also, initial melt compositions with more than approximately 10%-20% MORB did not describe the data. Finally, relative amounts of argillite (higher REE) and graywacke (lower REE) could not be uniquely defined for any but the most extreme compositions as starting composition and melt fraction both provide paths to observed data.
[39] Sr and Y data also provide constraints on starting composition and restite phases. Most Kodiak batholith samples have Sr concentrations from 250 to 300 ppm. Kodiak Formation argillite has values just below 200 ppm, whereas graywacke has values up to 450 ppm. Therefore, modeling Sr data require a high percentage of graywackederived melt to be part of the source of the Kodiak batholith magmas (Figure 13 ). However, in comparison to the REE models, Sr/Y ratios cannot be modeled with garnet as a phase. This may be a viable contradiction if the graywacke part of the source did not contain garnet whereas the argillite component did.
[40] Other factors influencing the models include trace minerals and restitic material. Trace minerals included in the models are zircon and apatite. Decreasing the amount of zircon and apatite (e.g., to fractions of 0.0001) does not significantly influence the models, whereas increasing the fractions (e.g., to 0.01) does and causes models to remain within the actual data range for only very high melt fractions (F = 0.9 for fractional crystallization and F = 0.7 for equilibrium crystallization). Restitic material is not a component within the trace element models, and the main influence of increased restitic material (e.g., rocks form the highinclusion region) would be to change modal abundances (e.g., more biotite ± garnet and sillimanite). In more realistic models, modal mineralogy would change throughout model runs; however, existing models are still helpful in terms of evaluating petrologic processes. Figure 15 . Kodiak batholith and trenchward belt geochronologic data. Kodiak batholith data lie on the SanakBaranof trend, whereas the trenchward belt data are 1-3 Ma older. Figure 16 . Ar 39 /Ar 40 whole rock age on a basalt dike from near Pasagshak Bay (Figures 1 and 4) (a) Step heating plateau age. This is the preferred age. (b) Inverse isochron age based on the five step heating segments shown in Figure 16a . Ar/Ar analysis was done by Thomas Ullrich at the University of British Columbia [Farris et al., 2005] .
Trenchward Belt Trace Element Modeling
[41] Neither fractional crystallization nor equilibrium crystallization models can accurately reproduce Pasagshak trenchward belt data (Figures 18c and 18d) . In order to accurately reproduce the observed enriched LREEs, a garnet-free assimilation-fractional crystallization (AFC) model is needed (Figure 18e ), which can be expressed by
wherein r is the ratio of assimilation to fractionation; C A is the concentration of the assimilant; and C L , C o , F, and D are the same as above [DePaolo, 1981; Powell, 1984] . For the initial magma composition, the most MORB-like sample (03-KD-134A) was used once again (Table 3) . This sample has a REE element pattern nearly identical to MORB but is enriched in LILEs, possibly indicating early trace sediment assimilation or possibly later fluid alteration. Our modeling indicates that only very small amounts of sediment assimilation are needed to produce the elevated LILE values observed. The assimilant is a Kodiak Formation argillite. A 0.5 ratio of assimilation to fractionation best fits the data, and using that ratio, the granitic rocks correspond to a melt fraction of ≈0.5. However, major element MELTS models suggest a higher degree of assimilation at least in the granitic rocks. The AFC model is also a best fit for Sr and Y data, but the distinction between the AFC and fractional crystallization models is not as great. In terms of Zr and Nb, the AFC model is required as all fractional and equilibrium crystallization models evolve in the wrong direction (Figure 13a) . Overall, trace element modeling of trenchward belt rocks suggests a MORB-like source modified by AFC processes, with metasedimentary rocks as the assimilant. However, all observed Pasagshak rocks (even the starting composition) must have undergone at least minor sediment assimilation to account for the enriched LILEs.
Constraints From Phase Equilibria Experiments
[42] A number of workers have conducted phase equilibria and melting experiments on pellitic and sammitic rocks and have shown that substantial granitic melts can be produced [Vielzeuf and Holloway, 1988; Patino Douce and Johnston, 1991; Gardien et al., 1995; Patino Douce and Beard, 1996] . The starting composition in most of these experiments has generally been a quartz, biotite, plagioclase ± aluminosilicate metagraywacke similar to that of the Kodiak Formation. The exact source composition has considerable influence on the volume of melt created with sammitic rocks, like the Kodiak Formation, being much more fertile than pure pelitic compositions [Patino Douce and Johnston, 1991] . Such experiments indicate that at 7 kbar pressures (similar to Kodiak batholith melting con- The initial composition for all models is the 03-KD-134a Pasagshak basalt. Models are run in 10°C intervals from 1300°C to 650°C or model failure with a NiNiO O 2 buffer. Models pressures are 0.5 and 6 kbar for trenchward belt and Kodiak batholith runs, respectively. Fractional crystallization-only runs describe some of the trenchward belt data but cannot reach appropriate granitoid compositions. Assimilation of large amounts graywacke is needed to reach granitoid compositions in both the trenchward belt and the Kodiak batholith. This amount of assimilation (e.g., sediment/melt ratios of 2-9:1) is more equivalent to partial melting of metasedimentary rocks than assimilation in a preexisting melt. The combination of an additional Al phase and higher-pressure crystallization is needed to reproduce observed Al 2 O 3 values in the Kodiak batholith. Also, the 9:1 sediment/melt model for the Kodiak batholith reaches observed compositions early in the model run and could explain the lack of more basaltic compositions. ditions) only small percentages of melt are generated up to temperatures of 800°C (muscovite and plagioclase melting). Between 825°C and 950°C, melt fractions rise dramatically to over 65% primarily due to biotite dehydration melting.
Above 950°C, the melt fraction increases much more slowly with spinel crystallization [Patino Douce and Johnston, 1991] . Vielzeuf and Holloway [1988] report that sillimanite is among the last phases to disappear and record a liquidus of Figure 18 FARRIS: KODIAK BATHOLITH TECTONIC EVOLUTION B07208 B07208
1250°C. Douce and Johnston [1991] also state that melts, even at high melt fractions and temperatures, are generally very felsic and have low FeO, MgO, and TiO 2 , but that more mafic granitoid compositions could be accommodated by the inclusion of significant restite. They also state that such melts produce garnet-rich mafic aluminous restites. These results have particular bearing on the Kodiak batholith granitoids. Given the above experimental results, it is likely that the Kodiak batholith source rocks were heated to within the biotite dehydration window and produced partial melts in excess of 50%-60% by volume. At this melt fraction, the entire rock will begin to disassociate, behave more like a magma [Arzi, 1978] , and produce granitoids such as the high-inclusion zones within the Kodiak batholith . The above experiments also suggest that the Kodiak batholith source rocks were not heated substantially above 950°C because restistic biotite and sillimanite are pervasive. Overall, phase equilibria experiments provide support for the contention that a strongly peraluminous granitoid such as the Kodiak batholith was derived largely from the partial melting of metasedimentary rocks.
Comparison With Previous Petrologic Models
[43] Sanak-Baranof belt magmatic rocks have been the focus of a number of previous geochemical studies [Hill et al., 1981; Moore et al., 1983; Barker et al., 1992; Harris et al., 1996; Lytwyn et al., 1997 Lytwyn et al., , 2000 Bradley et al., 2003; Sisson et al., 2003b; Farris and Paterson, 2007; Ayuso et al., 2009] , and most concluded these intrusions formed from a combination of MORB and accretionary prism partial melts. However, the exact proportions vary from location to location, and there are some systematic changes between different parts of the belt (e.g., Sr/Y ratios [Farris and Paterson, 2009] ). The focus of this paper is on the western part of the belt and how it fits into the rest of the Sanak-Baranof spreading ridge subduction model.
[44] Previous Kodiak petrologic models are from Ayuso et al. [2009] , Moore et al. [1983], and Hill et al. [1981] . Moore et al. [1983] modeled Nd isotopes from basaltic and andesitic trenchward belt rocks from the southwest side of Kodiak Island as lying on a mixing line between MORB and Ghost Rocks Formation metasedimentary rocks. Modeling of new REE and trace element data from Pasagshak Bay (northeast side of Kodiak) agrees with the above conclusion.
[45] Hill et al. [1981] modeled the Sanak, Shumagin, and Kodiak batholiths as a mixture of high percentage of partial melts of accretionary prism metasedimentary rocks coupled with mid-ocean ridge basalt. In their analysis, Hill et al. [1981] modeled different combinations of accretionary prism graywacke, argillite, and amphibolite, MORB, altered MORB, and arc basalt to attempt to determine how the Kodiak, Sanak, and Shumagin batholiths evolved. With constraints from oxygen and Sr isotopes and trace elements, their favored model suggested a >50% metasedimentary component mixed with MORB but emphasized that melting of metasedimentary rocks cannot solely account for batholith chemistry because it required higher than observed oxygen isotopes (14.5‰). The majority of the Hill et al. [1981] data are from the Sanak and Shumagin batholiths, but their conclusions were also applied to the Kodiak batholith. The conclusions of Ayuso et al. [2009] were similar to those from Hill et al. [1981] .
[46] Ayuso et al. [2009] presented a large number of major and trace element and radiogenic isotopic data from the Kodiak batholith. The primary focus of that study was to determine the petrologic evolution of the Kodiak batholith and examine along-strike change, whereas this study focuses on differences between the Kodiak batholith and the trenchward belt. Ayuso et al. [2009] divided the Kodiak batholith into southern, central, and northern zones for the contiguous batholith and also western, northern, and eastern satellites of which the eastern satellites are analogous to the trenchward belt described in this paper. They attributed much of the compositional variation within the Kodiak batholith to compositional variations within the accretionary prism. In particular, Ayuso et al. [2009] indicated that it is unlikely for all the Kodiak Paleocene intrusive rocks to be related to one another by fractional crystallization processes and that mixing between sources better explains observed chemical variations. Also, Ayuso et al. [2009] suggested an accretionary prism (Kodiak Formation) component of between 20% and 60%, which is lower than what is advocated here (>80%). However, data in this paper are from the northern parts of the Kodiak batholith, and greater mantlederived component could exist in the south. Also, in contrast to Ayuso et al. [2009] , REE modeling shown above suggests a small restitic garnet component in the Kodiak batholith (Figures 18a and 18b) . The garnet component is needed for HREE model values to align with observed data. This is realistic because xenocrystic garnet is present in the highinclusion zones of the batholith and also supported by phase equilibria experiments [Patino Douce and Johnston, 1991] . In this conception, xenocrystic garnet along with silimanite, kyanite, and biotite agglomeratations is residual restitic material from the partial melting event that led to the creation of the Kodiak batholith and subsequently was entrained by ascending magmas . Another primary difference between Ayuso et al. [2009] and this paper is the attribution of an arc or mantle wedge signature to the mantle-derived components in both the trenchward belt and the Kodiak batholith, although they do allow that alteration of a MORB source is a possibility. We suggest that the Figure 18 . REE models for (a and b) the Kodiak batholith and (c, d, and e) trenchward belt. Fractional (FC), equilibrium (EC), and assimilation-fractionation (AFC) models are evaluated. Kodiak batholith models (Figures 18a and 18b ) have a Kodiak Formation initial composition. This is supported by A/CNK ratios (Figure 10 ), trace elements (Figure 12a ), d
18 O data, and MELTS models (Figure 17 ), all of which suggest the dominant component in the Kodiak batholith is a combination of argillite and graywacke. The 10%-20% basaltic composition suggested by the MELTS model does not greatly influence the REE values. Starting with such metasedimentary partial melts, the equilibrium crystallization model is preferred for the Kodiak batholith (Figure 18b ). The trenchward belt initial composition is the 03-KD-134a basalt. Nether (c) the fractional crystallization or (d) the equilibrium crystallization models fit the data, and the LREE fit is particularly poor. However, (e) the AFC model provides a good fit for data from the trenchward belt and Pasagshak Bay.
enriched Pb, LILE, and, in many cases, LREEs, are the result of small amounts of sediment assimilation in magmas even of basaltic composition.
[47] In contrast to several previous workers [e.g., Hill et al., 1981; Ayuso et al., 2009] , this paper prefers the idea that the Kodiak batholith, at least in its northern and central parts, was derived (>80%) from the partial melting of Kodiak Formation metasedimentary rocks. Chemical variation within the Kodiak batholith can be explained by heterogeneity within the source rocks of the Kodiak Formation [e.g., Ayuso et al., 2009] Figure  14) . Kodiak batholith oxygen data correlate with many elements, suggesting that its d
18 O drops with greater degrees of fractionation (Figure 14) , which is the reverse of what is observed in the Sanak and Shumagin batholiths. Equilibrium and fractional crystallization models of Kodiak batholith oxygen isotopes and Sr data (Figure 14) can explain observed trends provided that the ratio of oxygen isotopes in removed solids to remaining liquid is slightly >1 (R S /R L = 1.001-1.005). This is somewhat unusual [White, 2001] but maybe the case if the fractionated material is metasedimentary restite that has retained its sedimentary (high) oxygen isotope signature [Chappel et al., 1987; Patino Douce and Johnston, 1991] ,
wherein d melt is the oxygen isotope ration of the melt, d o is the initial oxygen isotope ratio, F is the melt fraction, and a is the ratio of oxygen isotope s in the removed solid to the remaining liquid. The starting point could be anywhere within the metasedimentary (Shumagin Formation) field, and with that allowance, the model can describe any particular Kodiak batholith sample.
[48] The Sanak and Shumagin batholiths differ from the Kodiak in that they require a different starting composition and a more standard R S /R L slightly <1 (e.g., 0.998 [White, 2001] ). Equilibrium and fractional crystallization models describe the Sanak and Shumagin data moderately well; however, moderate Shumagin data curvature suggests an AFC model, [Hill et al., 1981] .
[49] Another variation is that the Sanak and Shumagin batholiths have a much larger negative Eu anomaly than the Kodiak batholith, suggesting that plagioclase removal was more prominent in the western batholiths. The Kodiak batholith Eu anomalies are only slightly larger than that inherited from the Kodiak Formation ( Figure 11) ; however, Ayuso et al. [2009] reported negative Eu anomalies in certain satellite plutons. Trenchward belt rocks, however, do contain a large negative Eu anomaly.
[50] The oxygen isotope and REE data support the inference of AFC processes in the Sanak and Shumagin batholiths and equilibrium crystallization in the Kodiak batholith. Overall, modeling of Kodiak batholith oxygen isotope data strongly suggests that it was largely derived from Kodiak Formation metasedimentary rocks, whereas the Sank and Shumagin batholiths require a basaltic (MORB) component as initially suggested by Hill et al. [1981] . In this regard, the Sanak and Shumagin batholiths are similar to the trenchward belt on Kodiak Island. However, because the trenchward belt granitoids crystallized at shallow depths and did not fractionate garnet, their trace element signature does not match that of the Sanak and Shumagin batholiths.
Comparison to Previous Tectonic Models 3.3.1. Sanak-Baranof Belt Rates
[51] The Kodiak Paleocene tectonic model of Moore et al. [1983] indicates the Kodiak batholith and trenchward belt formed during spreading ridge subduction. This event is widely interpreted to explain the presence of 61-50 Ma fore-arc plutons, which intrude the Chugach accretionary complex over a distance of >2100 km (Sanak-Baranof belt ). Kodiak batholith U/Pb zircon ages and structural data are compatible with the above spreading ridge subduction event and fall within the belt-wide age trend (Figure 2 ) [Farris and Paterson, 2009] . The eastward age decrease of individual plutons has been interpreted to track along-strike migration of the triple junction ].
[52] According to Moore et al. [1983] , the Kodiak batholith and trenchward belt formed together from a single trench-ridge-trench triple-junction passage (Figure 19 ). The trenchward belt rocks formed when the spreading ridge entered the toe of the accretionary prism. Basaltic dikes from the spreading ridge axis intruded into the prism and induced partial melting of sedimentary rocks. As the spreading center progressed further into the accretionary complex, spreading continued and hot aesthenospheric mantle came in contact with the base of the accretionary prism and induced high percentage of melting. Petrologically, the Moore et al. [1983] model is consistent with the new data and modeling presented in this paper. However, the geochronology is problematic.
[53] Ages in the trenchward belt range from 62 to 63 Ma in the SW to 60.15 ± 0.86 Ma in the NE. Over the same along-strike distance, the Kodiak batholith ranges from 59.2 ± 0.2 to 58.4 ± 0.2 Ma (Figure 15) . Such geochrono-logic data indicate an age difference between the two belts of up to 1-3 Ma. Any tectonic model of how the two belts formed must be able to account for the age difference between the two belts.
[54] Throughout the Sanak-Baranof belt, the average along-strike migration rate is ≈19 cm/yr Farris and Paterson, 2009] . The high rate of migration is interpreted to have resulted from oblique spreading ridge subduction. Haeussler et al. [2003] , on the basis of plate circuit reconstructions, calculated a rate of trench parallel subduction of 9-11 cm/yr. A basic trigonometric result of the subduction and along-strike migration rate is that in the Kodiak region the ridge had an obliquity of approximately 30° [Farris and Paterson, 2009] . At a given point along strike, oblique subduction will produce a time lag between plutons at different distances from the trench (Figure 20) . At the southwest end of Kodiak Island, the Kodiak batholith and the trenchward belt are separated by ≈15 km, whereas in the northeast near Pasagshak Bay, the distance is 40 km (Figure 1) . This corresponds to a time lag between the two belts of between 0.1 and 0.5 Ma, which is only a fraction of the time difference between the two belts ( Figure 20) . However, if the rate of subduction decreased to <5 cm/yr or if distance from the trench was >100 km, then a time gap between the two belts of >1 Ma could be produced. 
Alternate Age Gap Explanations
[55] Other potential events that could have caused the trenchward belt/Kodiak batholith time gap include multiple passes of the spreading center due to ridge segmentation [e.g., Sisson and Pavlis, 1993] , off-axis ridge magmatism, geochronologic problems, thermal lag in producing the Kodiak batholith, and displacement along the Contact fault. Multiple ridge segment passes are not likely, as the regional metamorphic grade would also be increased and the regional grade of metamorphism is low. There is no strong evidence for or against off-axis ridge magmatism, except if it did occur, it must have occurred parallel to the ridge for a significant distance (100+ km). As for geochronologic problems, the use of older K-Ar dates for some of the trenchward belt ages is not ideal, but the continuity of older trenchward belt ages across different isotopic systems (K-Ar, Rb-Sr, Ar/Ar) suggests that age difference is real.
[56] Groome and Thorkelson [2009] produced a 3-D numerical model to study thermal and mechanical influences of a migrating spreading ridge subduction system. This model indicates a high-temperature thermal lag can persist for millions (5-10 Ma) of years after the passage of a slab window system. Initially, this result would appear to nicely explain observations in the Kodiak system. However, there are several problems in applying the model to the Kodiak rocks. The Groome and Thorkelson [2009] model migrates along strike at 1 cm/yr, whereas along-strike migration rates for the Kodiak triple junction are 19 cm/yr (see above). Such a large difference in rate would have an equally large influence on heating and thermal relaxation times. Also, long thermal relaxation times would produce significant (amphibolite facies) regional metamorphism, particularly in areas close to the trench (e.g., Ghost Rocks Formation), and this is certainly not the case in the Kodiak region. However, such a model may be appropriate for the eastern part of the Sanak-Baranof belt such as the Chugach metamorphic complex [Pavlis and Sisson, 1995; Farris and Paterson, 2009] . Calculations and simple thermal models in the work of Farris and Paterson [2009] suggest that a slab window beneath Kodiak Island would migrate past a particular spot in as little as 200,000 years versus the millions suggested in the work of Groome and Thorkelson [2009] . Even such short-time frames are enough for a slab window to induce large-scale partial melting of adjacent metasedimentary rocks [Farris and Paterson, 2009] . Such models indicate that exposure of the base of the accretionary prism to basaltic underplating (T = 1200°) or aesthenospheric upwelling (T = 1350°) will induce large-scale partial melting of metasedimentary rocks on time scales of <100,000 years [Farris and Paterson, 2009] . In the Kodiak batholith, time scales of ascent, crystallization, and cooling are similar with Ar/Ar biotite cooling ages, differing only slightly from U/Pb zircon crystallization ages in the northern Kodiak batholith (58.3 versus 58.4 Ma ). One applicable aspect of the Groome and Thorkelson [2009] model is that the time of slab window heating and cooling lags its passage by 30%-50%, but given the rates involved in the Kodiak system, this would be on the order of hundred thousands and not millions of years.
Contact Fault Displacement
[57] Of the above possibilities, we suggest that offset along the Contact fault is the most likely and best fits geologic observations (Figure 21 ). The Contact fault is the dominant fault along the southern part of Kodiak Island and, at least in Prince William Sound, is associated with large jumps in seismic velocity [Bol and Roeske, 1993] , indicating that it forms a major crustal discontinuity. Its absolute offset history is not well defined, but it does separate the Kodiak batholith from the trenchward belt and is therefore a good candidate for the chronologic offset between the two belts.
[58] Structural data from the Eagle Harbor and Sitkalidak exposures of the Contact fault indicate a complicated history with episodes of both thrust and strike-slip displacement (Figures 6 and 7) . Fault slip data are not plentiful, but what does exist suggests oblique slip with a left-lateral strike-slip In this end member, the Contact fault would essentially be a backstop within the accretionary prism, and multiple thrust faults within the Ghost Rocks Formation would accommodate shortening. Overall, observations suggest the Kodiak batholith/trenchward belt age difference resulted from components of Contact fault strike-slip and thrust motion coupled to a lesser degree with oblique subduction and thermal lag. component (Figure 8 ). Both thrust and left-lateral displacement along the Contact fault would lead to the observed age differences between the Kodiak batholith and the trenchward belt. However, right-lateral striations are also present with the fault zone. A small change in outboard plate motion could alter the relative motion of a fore-arc terrane such as that bounded by the Contact fault. To account for a 1 Ma time gap would require 60 km of thrust displacement or 115 km of left-lateral displacement or some combination of the two. A 3 Ma time gap would require displacements on the order of 300 and 500 km of thrust or strike-slip motion (Figure 20c) . Overall, data suggest that some combination of thrust and strike-slip motion along the Contact fault did occur. Contact fault displacement coupled with oblique subduction and perhaps slowing of the convergence rate as the ridge axis entered the trench is our best explanation for the age difference between the Kodiak batholith and the trenchward magmatic belt.
[59] Juxtaposition of the two magmatic belts along the Contact fault explains a number of regional geologic features. The scenario allows trenchward belt age data to fit into larger-scale Sanak-Baranof belt geochronolgic trends (Figures 2 and 21) . The initial position of trenchward belt rocks would have been adjacent to and synchronous with the Sanak, Shumagin, or Semidi batholiths. This could explain geochemical similarities between such larger granitic intrusions and trenchward belt rocks. It could also explain lack of a Ghost Rocks Formation correlative in the Sanak, Shumagin, and Semidi Islands. Finally, juxtaposition along the Contact fault agrees with the Resurrection plate hypothesis of Haeussler et al. [2003] in that small left-lateral displacements are predicted in the western part of the SanakBaranof-belt.
[60] One potential problem with the idea of Contact fault juxtaposition comes from paleomagnetic data. Plumley et al. [1983] analyzed basalt flows in the southwestern Ghost Rocks Formation and found shallow original magnetic inclinations that imply northward displacement of 25°± 9°. We interpret the basalt flows to be part of the trenchward magmatic belt. However, Plumley et al. [1982 Plumley et al. [ , 1983 produced estimates of northward translation that are much greater than paleomagnetic studies done elsewhere in the Chugach-Prince William terrane (e.g., Bol et al. [1992] with 13°± 9°). More recent Kodiak paleomagnetic work of Housen et al. [2008] suggests a smaller, but still large, 16°± 7°of northward translation. This paper prefers the lesser estimates of northward translation, because they are more readily accommodated along faults in interior Alaska and Canada. The Ghost Rocks Formation and the trenchward belt contain too many geologic similarities to surrounding rocks (on a scale of hundreds of km) to have been transported thousands of kilometers as an isolated unit.
Conclusions
[61] 1. Trenchward belt rocks are up to 1-3 Ma older than the Kodiak batholith and are older than the linear trend of fore-arc magmatism initiation throughout the Sanak-Baranof belt.
[62] 2. Trenchward belt basaltic and gabbroic rocks are chemically similar to MORB but are enriched in LILEs. The range of trenchward belt basaltic to granitic compositions can be modeled using assimilation-fractional crystallization with initial MORB-like magmas assimilating metasedimentary argillite and graywacke. Unlike the Kodiak batholith, these rocks lack garnet in their source rocks, indicating a shallow level of assimilation. Such a result agrees with the spreading ridge subduction hypothesis.
[63] 3. Major and trace element and oxygen isotope characteristics of Kodiak batholith rocks can be modeled as evolving from high percentage of partial melts of Kodiak Formation argillite and graywacke with garnet as a residual phase and a basaltic component of <10%-20%. Regions such as the high-inclusion zones formed as en masse mobilization of accretionary prism melt and resitite. The required presence of garnet corroborates that Kodiak batholith magmas formed at depth (5-6 kbar or ≈15-20 km). After formation, Kodiak batholith magmas were modified by equilibrium crystallization and various degrees of restite separation.
[64] 4. The dominantly metasedimentary origin of the Kodiak batholith requires a heat source to induce partial melting in thousands of cubic kilometers of accretionary prism rocks. Two possibilities include large volumes of underplated basalt or juxtaposition against an aesthenospheric upwelling. Because of the lack of a significant basaltic component in the Kodiak batholith, the second possibility is preferred. Both possibilities are consistent with the opening of a slab window following ridge subduction.
[65] 5. The 1-3 Ma age difference between the Kodiak batholith and the trenchward belt can be explained by combination of thrust and left-lateral strike-slip displacement along the Contact fault coupled to a lesser extent with oblique ridge subduction and thermal lag.
